





Background: Coal worker’s pneumoconiosis (CWP) is a lung disease caused by overexposure to respirable coal mine dust (CMD).  Since the 1990s, CWP prevalence increased.  In response, the National Institute for Occupational Safety and Health (NIOSH), with external partners, created the Continuous Personal Dust Monitor (CPDM), and the Mine Safety and Health Administration (MSHA) reduced the CMD exposure limit.  Due to recent increases in CWP and regulatory changes in mining practice, it is imperative to understand miners’ current exposure.
Objectives:  The primary objective of this report is to describe trends in U.S. underground coal miners’ CMD exposure during three intervals; 1) before implementation of the CPDM; 2) after CPDM implementation but before establishing a lower CMD exposure limit; 3) after both the implementation of the CPDM and lower CMD exposure limit.  The secondary objective is to describe CMD exposure trends by state, mine size, and occupation title.
Methods: CMD exposure and mine data were downloaded from MSHA’s website.  Data were restricted from August 1, 2015 to January 31, 2017 and divided into three six-month intervals.  111,002 CMD samples were included.  Median concentration of CMD and CMD exposure limit exceedances were computed for each month and six-month interval.  The Kruskal-Wallis test was used to determine differences in median CMD concentrations, and the Chi-Square and Cochran-Armitage tests were used to determine differences and trends, respectively, in CMD exposure limit exceedances among the six-month intervals.
Results: Median concentrations of CMD significantly differed among the six-month intervals (p-value<0.0001), with the lowest median concentration (0.423mg/m3) observed during the first interval and the highest (0.570mg/m3) during the second interval.  CMD exposure limit exceedances significantly decreased from the first to the third six-month interval (p-value<0.0001).  Subgroup analyses determined significantly decreasing CMD exposure limit exceedance trends in Alabama (p-value=0.0027), Virginia (p-value=0.0255), and West Virginia (p-value<0.0001); among small (p-value=0.0022) and large mines (p-value=0.0013); and among continuous miner operators (p-value<0.0001) and roof bolters (p-value=0.0069).  
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Coal worker’s pneumoconiosis (CWP), also known as black lung disease, is a progressive parenchymal lung disease that leads to inflammation and fibrosis of the lungs.1 CWP is caused by overexposure to respirable coal mine dust (CMD) and is related to miners’ occupational exposure to CMD over their lifetimes.2,3 In the early stages of the disease, CWP is typically asymptomatic; however, later stages of the disease can be debilitating and lead to premature death.4 Moreover, progression of CWP can result in progressive massive fibrosis (PMF), also known as complicated pneumoconiosis.5 PMF develops when the fibrotic nodules of CWP expand to form solid lesions.5 Ultimately, as PMF worsens, airflow becomes limited, resulting in pulmonary hypertension, and subsequently death from respiratory or heart failure.5 There is currently no cure for CWP and PMF, and disease progression continues even without continued CMD exposure.5,6

1.1.2	Diagnosis
CWP is usually diagnosed by the presence of small nodules or opacities (of <10mm in diameter) on a chest radiograph.5 Likewise, a chest radiograph is also used to diagnose PMF, however, solid lesions (of >=10mm in diameter) are present.5 In addition to a chest radiograph, a physician might diagnose CWP based on the patient’s occupational exposure to CMD, a physical examination, a CT scan of the chest, or a biopsy.6 Recently, spirometric testing has been used to complement chest radiographs in the diagnosis of CWP.7  Although there is no cure for CWP, proper diagnosis allows for the patient to start treatment targeted at symptom control, such as oxygen therapy or medication.6
1.1.3	Epidemiology
Surveillance efforts of underground coal miners from the National Institute for Occupational Safety and Health (NIOSH) found the prevalence of CWP to be highest (6.5%) in the 1970s.3 After implementation of the Federal Coal Mine Health and Safety Act of 1969, which sought to decrease CWP, the prevalence of CWP among underground coal miners steadily decreased to 2.5% in the 1980s and to 2.1% in the 1990s.3 However, since the 1990s, the prevalence of CWP increased to 3.2% in the 2000s and continues to increase despite prevention measures put forth by the 1969 legislation.3
Although CWP prevalence increased since the 1990s, mortality due to CWP has decreased. In the U.S. among individuals aged 25 years or older, mortality due to CWP declined 73%, from an average of 1,106 deaths per year during 1968-1972 to an average of 300 deaths per year during 2002-2006.4 What is of concern, however, is that from 1968 to 2006, 28,912 individuals aged 25 and older still died due to CWP, with the majority being male (97.7%), white (99.3%), and 55-64 years old (86.5%).4  
Years of potential life lost (YPLL) attributed to CWP, a measure of premature death, decreased by 91.2%, from an average of 1,484 YPLL per year during 1968-1972 to an average of 154 YPLL per year during 2002 to 2006.4 However, during 2002 to 2006, YPLL due to CWP increased from 136 YPLL in 2002 to 169 YPLL in 2006.  Since the 1970s, the overall burden of CWP in the U.S. has improved, yet recently increasing trends of CWP prevalence and premature mortality indicate a continued need for CWP prevention.    
1.1.4	Risk Factors
A miner’s risk for CWP varies depending on geographic and job-specific factors.  The main risk factors for CWP in the mining population are geographic region, mine size, and occupation title.  Underground coal miners working in the Appalachian region, specifically Kentucky, West Virginia, and Virginia, are at an increased risk for CWP as compared to other regions.1, 2, 7, 8 Moreover, mine size has an impact on a miner’s risk.  Miners at smaller mines, with 50 or fewer employees, are at an increased risk for CWP as compared to miners at large mines.1,3,7 Likewise, a miner’s specific occupation title can influence individual risk.  Continuous miner operators and roof bolters are at greater risk than other mining occupations due to their work location in the mine.2, 5, 9 Other risk factors for CWP include longer tenure as a miner and longer shifts in a mine.5, 8 Targeting prevention efforts toward miners at greatest risk for CWP could have a substantial impact on decreasing the burden of CWP.
1.2	Previously conducted research studies
1.2.1	Region
Previous research on CWP has identified potential hot-spots for CWP in the Appalachian region of the U.S.  These hot-spots were illustrated in a study conducted by Antao et al. which sought to identify rapidly progressive cases of CWP and describe their geographic distribution.  From 1996 to 2002, investigators identified 3% of U.S. underground coal miners with CWP, 35.4% thereof with rapidly progressive CWP.1 Moreover, the rapidly progressive CWP cases were clustered in eastern Kentucky and western Virginia, with the proportion of miners with rapidly progressive CWP ranging from 41.7% to 80% depending on the county.1
Later, reports conducted by NIOSH also found clustering of advanced CWP cases among underground coal miners in the Appalachian region, specifically Kentucky and Virginia.8 Additionally, NIOSH reported 69 miners diagnosed with PMF from 2005 to 2009, 81% of whom worked in the central Appalachian region.8
A study conducted by Suarthana et. al. aiming to assess the observed prevalence of CWP and CMD exposure in the U.S. also focused on the 2005-2009 period.   Similar to previous studies, these investigators concluded that the observed prevalence of CWP in the central Appalachian region (southern West Virginia, eastern and central Kentucky, North Carolina, South Carolina, and Tennessee), was significantly higher (10.1%) than the prevalence outside of the central Appalachian region (1.6%).10 
1.2.2	Mine Size
Antao et al., in their 2005 study, not only identified geographic clusters of rapidly progressive CWP, but also examined mine size as a potential influencing factor for miners’ CWP risk.  Using radiographic evidence from over 29,000 miners examined from 1996 to 2002, they showed that underground coal miners working in smaller mines, of fewer than 50 employees, were 1.55 times more likely to develop CWP than miners working in larger mines with 50 or more employees.1  
Similarly, Laney et al. assessed the presence of an association between CWP prevalence and mine size by collecting radiographic data through 2009 from more than 145,000 miners.  Like the Anato el al. publication, investigators found a significant inverse association between mine size and CWP.3 Specifically, a higher prevalence of CWP was observed in smaller mines of fewer than 50 employees.3 This association remained significant after adjusting for age and within-miner correlation, with smaller mine size being associated with higher rates of CWP for all decades between 1970 and 2009.3  
Finally, a more recent study by Blackely et al. characterized the prevalence of CWP by mine size in a population of 4,491 underground coal miners in Kentucky, West Virginia, and Virginia from 2005 to 2012.  As observed in the Antao et al. and Laney et al. publications, this study suggested an inverse association between mine size and CWP prevalence and concluded that miners from small mines, of 50 or less employees, have a 2.1 times higher prevalence of CWP than miners from larger mines with more than 50 employees.7

1.2.3	Occupation Title
Previous research on CWP has identified specific mining occupations, continuous miner operators and roof bolters, to have an increased risk for CWP.2, 5, 9 A study by Pollock et al. found continuous miner operators and roof bolters to have an increased risk for CWP due the higher CMD exposure they expoerience.9  Here, investigators aimed to identify mining exposures that could explain the recent increase in CWP prevalence among underground coal miners.9  After examining CMD exposure of continuous miner operators, roof bolters, and shuttle car drivers, investigators found higher exposure levels to CMD among continuous miners and roof bolters due to their positioning at the face of the mine.9 
In a more recent study, Wade et al. also suggest an increased risk for CWP among continuous miner operators and roof bolters.5 Investigators from this study completed a retrospective chart review of 138 coal miners with PMF in West Virginia and determined that 41% of PMF cases were continuous miner operators and 19% were roof bolters.5 Of these PMF cases, which developed among the 138 coal miners at a mean age of just 53 years, 21 (15.2%) resulted in death by December of 2009.5
Most recently in 2016, the Centers for Disease Control and Prevention (CDC) identified a hot-spot of CWP cases in eastern Kentucky.  From January 2015 to August 2016, 60 cases of CWP were diagnosed through a single radiologist’s office in Kentucky.2 Results of this surveillance report support results from the two previous studies and concluded that 43% of the 60 CWP cases were roof bolters and 33% were continuous miner operators.2

1.3	Historic legislation
In the late 1960s, the U.S. federal government took legislative action aimed at reducing the burden of CWP on underground coal miners.  Congress passed the Federal Coal Mine Health and Safety Act of 1969 (amended in 1977) which primarily established a CMD exposure limit of 2.0 mg/m3 for underground coal miners.11 Additionally, the Act mandated the use of a coal mine dust personal sampler unit (CMDPSU) to measure miners’ exposure to CMD.11 The CMDPSU was a gravimetric-based dust sampler that used a cyclone and filter to gather CMD.12 After each eight hour shift, the filter was sent to the Mine Safety and Health Administration (MSHA) where it was weighed and the concentration of CMD was calculated.12 The CMDPSU allowed for MSHA to monitor CMD exposure levels in mines and enforce the CMD exposure limit.  
Additionally, the Federal Coal Mine Health and Safety Act established the U.S. National Coal Workers’ X-ray Surveillance Program (CWXSP) in 1970.11 The purpose of the CWXSP was to screen underground coal miners for CWP and collect corresponding data.  Currently, under the CWXSP, coal mines are required to offer a free chest x-ray to each underground coal miner at the time of initial hire and every three years thereafter.  Moreover, the CWXSP offers free voluntary screenings every five years to increase early detection of CWP in miners.9  
           In 1996, the Secretary of Labor commissioned the Federal Advisory Committee on Elimination of Pneumoconiosis Among Coal Mine Workers.12 The goal of this committee was to determine novel ways of prevention for CWP.12 As a result, NIOSH was asked to develop a new continuous personal dust monitor (CPDM) to replace the CMDPSU.12 In 1996, the NIOSH Pittsburgh Research Laboratory (PRL), along with external stakeholders, began the design and development of the CPDM.12
1.4	Continuous personal dust monitor
1.4.1	Objectives
The CPDM was designed to eliminate the limitations experienced with the original CMDPSU.  The main limitation of the CMDPSU was that it could not give real-time estimates of miners’ CMD exposure.12 Because of this the miner potentially had to wait weeks for MSHA to process the used filter and return the CMD exposure results to the miner.12 Therefore, this process required miners to recall their whereabouts during a particular shift weeks after that shift had ended.12 Moreover, the miner’s work conditions could have changed by the time CMD exposure estimates became available.12 This delay made it difficult for miners and management to know when CMD levels were too high and therefore, could not feel in control of their environment and health.  
The primary objective NIOSH had in designing the new CPDM was to create a monitor that provided accurate CMD exposure levels to miners and management in real-time, therefore empowering the miner and management to alter work conditions if high levels of CMD were present.12,15 Additionally, NIOSH aimed to produce a monitor that provided readily available, cumulative, end-of-shift exposure information.12,14 Lastly, NIOSH sought to create a monitor that was easily wearable to reduce the burden on miners and increase acceptability by miners.12,15
1.4.2	Design and Description
The CPDM was designed to separate respirable particles from coarse particles and measure the mass of the respirable particles to give an accurate, real-time reading of miners’ CMD concentration exposure.12, 13  To do this, the CPDM pumps particles through an inlet and into a cyclone where the respirable particles are separated from the coarse particles.12  The respirable particles are then heated, to remove moisture, and transferred to a gravimetric analysis instrument where the particles are deposited on a filter.12  The filter is mounted onto a tapered element oscillating microbalance (TEOM), which was miniaturized during design of the CPDM to make it easily wearable.12  The mass of CMD on the TEOM filter is analyzed by internal electronics and several concentrations are calculated to determine miners’ CMD exposure.12
Originally, the CPDM was designed so that the inlet would be located on the miner’s cap and a lithium-ion battery would power the sampler and cap light.12, 13 Recently, the mining industry requested that the sampler be worn on the miner’s lapel so that LED based cap lamps could be worn on the miner’s cap.13 Therefore, NIOSH redesigned the CPDM by removing the cap lamp and relocating the inlet, to be worn on the miner’s lapel. The removal of the cap lamp and cap lamp battery significantly reduced the CPDM’s weight and burden to the miner.13 
Since the CPDM provides real-time estimates of miners’ CMD exposure, it was designed with an illuminated screen to display CMD exposure data for the miner.15  The screen displays a running 30-minute average concentration, a cumulative concentration from the beginning of the shift to present time, and projected concentration for the entire shift.15  The 30-minute running average concentration and cumulative concentration can go above the CMD exposure limit without the miner exceeding the limit for the shift.15  Therefore, a miner can proactively respond and take any necessary steps to reduce overall CMD exposure for the entire shift.  However, the projected concentration for the shift cannot be reduced once the miner reaches the CMD exposure limit.  Thus, miners can use the projected concentration to stop mining before they exceed the CMD exposure limit.15 

Figure 1- Picture of a CPDM
(Picture authorized for use by Steven Mischler at NIOSH)
1.4.3	Testing
NIOSH performed 316 laboratory tests to compare the CPDM to the previous CMDPSU.12 From these tests, the CPDM was found to be accurate, functional, and timely.12 In regards to accuracy, the CPDM measured CMD in the laboratory within 25% of the CMDPSU.12 Furthermore, the mean CMD concentration measurements were equivalent to that of the CMDPSU, and the CPDM was shown to be equivalent or better than the CMDPSU in measuring CMD exposure.12 Lastly, laboratory tests showed the ability of the CPDM to measure CMD in real-time which greatly improved timeliness from the previous CMDPSU.12,14
In addition to laboratory tests, NIOSH performed field tests at four underground mines to evaluate if the CPDM would be properly used as intended.15  Results of the field tests concluded that the majority of miners checked their monitor at least three times per day.15 Additionally, researchers found that the miners were using the feedback from the CPDM to actively reduce their CMD exposure.15 Miners typically took action to reduce their CMD exposure by moving positions in the mine,  changing their face ventilation, or wearing a respirator more frequently.15 Analysis of the field tests concluded that miners’ CMD exposure steadily decreased by 60%  throughout the four weeks they wore the CPDM.15 Furthermore, testing found the CPDM to be durable in the underground mine environment, easy to use, comfortable, and showed evidence that miners were able to use the CPDM as intended.12, 14, 15  Additional underground mine testing allowed for the CPDM to be certified for mine use.14  
1.4.4	Current Regulations and CMD Exposure Limit
As of February 1, 2016, MSHA mandated the use of the CPDM in all underground coal mines for occupations that experience the highest CMD exposure and for miners with evidence of black lung.16 Likewise, MSHA increased the CMD sampling frequency from five samples collected every two months to 15 samples collected each quarter.16 Moreover as of August 1, 2016, MSHA lowered the CMD exposure limit from 2.0 mg/m3 to 1.5 mg/m3.16
1.4.5	Public Health Significance
CWP has been a public health concern and threat to underground coal miners since the start of underground coal mining.  The U.S. saw a high prevalence of CWP in the 1970s.3 A decrease in CWP prevalence was observed following the Federal Coal Mine Safety Act of 1969, although CWP cases began to rise again in the late 1990s.7 Even after the implementation of the Federal Coal Mine Safety Act, there has still been 75,000 deaths attributed to CWP through 2012 in the U.S.13 In response, the CPDM was designed and implemented as a tool for miners to reduce exposure to CMD, thus reducing their risk of developing CWP. 12 The public health implications and significance of this newer technology are grave, as improvements in the quality of life and reductions in early mortality due to CWP among underground coal miners would also be expected.     
2.0 	Objectives





3.1.1	Coal Dust Samples Dataset
CMD samples collected from the CMDPSU and the CPDM were downloaded from MSHA’s Coal Dust Samples Dataset under the Open Government Initiative on February 13, 2017.17 The  downloaded Coal Dust Samples Dataset is comprised of CMD samples collected since January 1, 2000.17  Samples prior to February 1, 2016 were collected with CMDPSUs, and samples collected after February 1, 2016 were collected using CPDMs.17 The dataset is updated by MSHA every Friday to reflect the most recent data.17  Available information includes: date the sample was taken, concentration of CMD from the sample, occupation title of the miner associated with the sample, type of sample (i.e., intake air, mine area, work position), and cassette number from the CMDPSU or CPDM that collected the sample.17 CMD samples are collected from miners in occupations that experience high levels of CMD exposure and identified by MSHA as Designated Occupations and Other Designated Occupations.16,18,19

3.1.2	Mines Dataset
Data regarding the mines from which the samples were collected were downloaded from MSHA’s Mines Dataset on March 2, 2017.17  The downloaded Mines Dataset contains data on all coal and non-coal mines under MSHA’s jurisdiction since 1970.17  This dataset includes information on mine type, mine activity, number of employees, physical attributes of the mine, and commodity.17  The Mines Dataset was merged with the Coal Dust Samples Dataset for the analysis.
3.2	Exclusion Criteria
The merged data set initially consisted of 179,189 samples.  After 68,187 samples were excluded, a total of 111,002 samples were available for statistical analysis.  Samples were excluded for meeting any of the criteria listed below (exclusion criteria are not mutually exclusive):
	The sample came from an inactive mine (n=10,980)
	The sample came from a surface mine or facility (n=22,132)
	The sample was voided (n=35,908)
	The sample was a control sample (n=2)
	The sample was from a surface work location of an underground mine (n=23,126)
	The sample had a concentration of zero (n=1,253)
	The sample was collected before August 1, 2015 or after January 31, 2017 (n=5,555)

The latter criterion was established to allow assessment of CMD exposure during three time intervals of equal length:
	August 1, 2015-January 31, 2016, when the CMD exposure limit was 2.0 mg/m3 and during which sample collection was conducted with the CMDPSU
	February 1, 2016-July 31, 2016, with the CMD exposure limit unchanged, at 2.0 mg/m3, but during which the CPDM was implemented for sample collection
	August 1, 2016-January 31, 2017, when a lower CMD exposure limit was introduced, 1.5 mg/m3, and samples continued to be collected with the CPDM

Table 1- Summary of sampler and CMD exposure limit regulation by six-month intervals, August 1, 2015-Janurary 31, 2017

Six-month interval	Time frame	Sampler	CMD exposure limit
First	August 1, 2015-Janurary 31, 2016	CMDPSU	2.0mg/m3
Second	February 1, 2016-July 31, 2016	CPDM	2.0mg/m3
Third	August 1, 2016-Janurary 31, 2017	CPDM	1.5mg/m3

3.3	Definition of CMD Exposure
CMD exposure was measured by 1) the median concentration of CMD and 2) CMD exposure limit exceedance.  CMD exposure limit exceedance was defined as the ratio of the total number of samples that exceeded the CMD exposure limit to the total number of samples collected between August 1, 2015-January 31, 2017.  An exceedance was defined as a sample with a concentration greater than either 2.0 mg/m3 for samples collected between August 1, 2015- July 31, 2016 or 1.5 mg/m3 for samples collected between August 1, 2016-January 31, 2017.  
3.4	Analysis


















      Alabama	3,278 (2.95%)
      Illinois	13,242 (11.93%)
      Kentucky	24,963 (22.49%)
      Ohio	1,835 (1.65%)
      Pennsylvania	11,846 (10.67%)
      Utah	3,093 (2.79%)
      Virginia	8,649 (7.79%)
      West Virginia	31,855 (28.70%)
Mine Size	
       Small (<=50 employees)	15,361 (13.84%)
       Large (>50 employees)	95,641 (86.16%)
Occupation Title	
        Continuous miner operator	34,804 (31.36%)
        Longwall miner operator	3,019 (2.73%)
        Roof bolter	24,295 (22.45%)


Table 3- Median concentrations of CMD across three six-month intervals in U.S. underground coal mines, August 1, 2015-Janurary 31, 2017

CMD Concentration (mg/m3)	Six-month intervals	
	Aug. 1, 2015-Jan. 31, 2017	Feb. 1, 2016-July, 31, 2016	Aug. 1, 2016-Jan. 31, 2017	P-value
Overall	0.423 (0.229,0.709)	0.570 (0.341,0.848)	0.548 (0.345,0.794)	<0.0001
       State				
             Alabama	0.347 (0.201,0.748)	0.253 (0.164, 0.470)	0.302 (0.183, 0.493)	<0.0001
             Illinois	0.511 (0.323, 0.773)	0.639 (0.448, 0.876)	0.627 (0.448, 0.854)	<0.0001
             Kentucky	0.474 (0.259, 0.748)	0.668 (0.425, 0.923)	0.640 (0.435, 0.868)	<0.0001
             Ohio	0.523 (0.247, 0.869)	0.698 (0.478, 0.966)	0.650 (0.462, 0.907)	<0.0001
             Pennsylvania	0.342 (0.155, 0.600)	0.450 (0.220, 0.796)	0.479 (0.254, 0.782)	<0.0001
             Utah	0.379 (0.258, 0.622)	0.375 (0.259, 0.612)	0.384 (0.253, 0.636)	0.9108
             Virginia	0.357 (0.202, 0.574)	0.402 (0.287, 0.592)	0.434 (0.287, 0.617)	<0.0001
             West Virginia	0.366 (0.199, 0.671)	0.539 (0.326, 0.811)	0.489 (0.298, 0.730)	<0.0001
       Mine Size				
             Small (<=50 employees)	0.283 (0.135, 0.565)	0.495 (0.250, 0.779)	0.452 (0.260, 0.696)	<0.0001
             Large (>50 employees)	0.447 (0.254, 0.731)	0.579 (0.352, 0.857)	0.563 (0.360, 0.805)	<0.0001
       Occupation Title				
             Continuous miner operator	0.480 (0.289, 0.760)	0.638 (0.424, 0.912)	0.620 (0.419, 0.864)	<0.0001
             Longwall miner operator	0.972 (0.732, 1.321)	1.005 (0.727, 1.302)	0.901 (0.649, 1.147)	<0.0001
             Roof bolter	0.484 (0.318, 0.718)	0.620 (0.401, 0.897)	0.577 (0.380, 0.827)	<0.0001
*Data presented are median (interquartile range)

Table 4- CMD exposure limit exceedances across three six-month intervals in U.S. underground coal mines, August 1, 2015-Janurary 31, 2017

CMD exposure limit exceedances 	Six-month intervals	
	Aug. 1, 2015- Jan. 31, 2016	Feb. 1, 2016-July 31, 2016	Aug. 1, 2016-Jan. 31, 2017	Chi-Square P-value	Cochran-Armitage P-value for trend
Overall	1.56 (231)	0.44 (164)	0.84 (498)	<0.0001	<0.0001
       State					
            Alabama	2.64 (13)	0.77 (9)	0.74 (12)	0.0007	0.0027
             Illinois	1.05 (17)	0.19 (9)	0.68 (46)	<0.0001	0.8899
             Kentucky	1.36 (43)	0.37 (30)	0.78 (107)	<0.0001	0.1803
             Ohio	1.40 (4)	0.47 (3)	1.10 (10)	0.0153	0.9492
             Pennsylvania	1.18 (23)	0.65 (24)	1.32 (82)	0.0071	0.1379
             Utah	0.44 (2)	0.55 (6)	0.96 (15)	0.0186	0.1688
             Virginia	1.25 (15)	0.17 (5)	0.45 (20)	<0.0001	0.0255
             West Virginia	2.18 (91)	0.55 (58)	0.85 (146)	<0.0001	<0.0001
       Mine Size					
             Small (<=50 employees)	1.53 (37)	0.37 (17)	0.66 (55)	<0.0001	0.0022
             Large (>50 employees)	1.57 (194)	0.45 (147)	0.88 (443)	<0.0001	0.0013
       Occupation Title					
             Continuous miner operator	2.01 (135)	0.32 (40)	0.88 (135)	<0.0001	<0.0001
             Longwall miner operator	6.59 (42)	2.40 (27)	5.42 (68)	<0.0001	0.8152
             Roof bolter	0.85 (13)	0.40 (33)	0.87 (131)	0.0002	0.0069




Figure 2- Trends of CMD median concentrations in U.S. underground coal mines, August 1, 2015-Janurary 31, 2017


Figure 3- Trends of CMD exposure limit exceedances in U.S. underground coal mines, August 1, 2015-Janurary 31, 2017


Figure 4- Median concentrations of CMD across three six-month intervals in U.S. underground coal mines, August 1, 2015-Janurary 31, 2017


Figure 5- CMD exposure limit exceedances across three six-month intervals in U.S. underground coal mines, August 1, 2015-Janurary 31, 2017
4.2	By State
4.2.1	Alabama
The median concentration of CMD in underground coal mines of Alabama significantly differed across the three six-month intervals, from 0.347 mg/m3 during the first interval, to 0.253 mg/m3 during the second interval, and 0.302 mg/m3 during the third interval (p-value<0.0001, Figure 6).  CMD exposure limit exceedances for the three six-month intervals also differed significantly, from 2.64% during the first interval, 0.77% during the second interval, and 0.74% during the third interval (p-value=0.0007, Figure 7).  Overall, CMD exposure limit exceedances significantly decreased from the first interval to the third interval (p-value for trend=0.0027, Figure 7).  
4.2.2	Illinois
The median concentration of CMD in underground coal mines of Illinois significantly differed across the three six-month intervals, being 0.511 mg/m3 during the first interval, 0.639 mg/m3 during the second interval, and 0.627 mg/m3 during the third interval (p-value<0.0001, Figure 6).  Although CMD exposure limit exceedances also differed significantly across the three six-month intervals, from 1.05% during the first, to 0.19% during the second, and 0.68% during the third interval (p-value<0.0001, Figure 7), there was no significant trend observed (p-value for trend=0.8899, Figure 7).

4.2.3	Kentucky
The median concentrations of  CMD in underground coal mines of Kentucky significantly differed among the three six-month intervals, ranging from 0.474 mg/m3 during the first interval, to 0.668mg/m3 during the second, and 0.640mg/m3 during the third interval (p-value<0.0001, Figure 6). CMD exposure limit exceedances during these intervals also differed significantly (1.36% during the first, 0.37% during the second, and 0.78% during the third interval, p-value<0.0001, Figure 7), although no significant trend was observed (p-value for trend=0.1803, Figure 7)
4.2.4	Ohio
The median concentration of CMD in underground coal mines of Ohio significantly differed across the three six-month intervals, from 0.523 mg/m3 during the first, to 0.698 mg/m3 during the second, and 0.650 mg/m3 during the third interval (p-value<0.0001, Figure 6).  CMD exposure limit exceedances also differed, ranging from 1.40% during the first, to 0.47% during the second, and 1.10% during the third interval (p-value=0.0153, Figure 7).  However, there was no trend in CMD exposure limit exceedances observed across these intervals (p-value for trend=0.9492, Figure 7).
4.2.5	Pennsylvania
The median concentration of CMD in underground coal mines of Pennsylvania significantly differed among the three six-month intervals (0.342 mg/m3 during the first  interval, 0.450 mg/m3 during the second interval, and 0.479 mg/m3 during the third interval, p-value<0.0001, Figure 6).  CMD exposure limit exceedances for the six-month intervals also significantly differed and ranged from 1.18% during the first interval, to 0.65% during the second interval, and 1.32%, during the third interval (p-value=0.0071, Figure 7).  Nevertheless, no significant trend in CMD exposure limit exceedances was observed (p-value for trend=0.1379, Figure 7).
4.2.6	Utah
The median concentration of CMD in underground coal mines of Utah did not differ significantly among the three six-month intervals (p-value=0.9108, Figure 6).  However, CMD exposure limit exceedances increased from 0.44% during the first interval, to 0.55% during the second interval, and 0.96% during the third interval (p-value=0.0186, Figure 7).  This apparent increasing trend, however, was not significant (p-value for trend=0.1688, Figure 7).
4.2.7	Virginia
The median concentrations of CMD in underground coal mines of Virginia significantly differed across the three six-month intervals (0.357 mg/m3 during the first interval, 0.402 mg/m3 during the second interval, and 0.434 mg/m3 during the third interval, p-value<0.0001, Figure 6).  CMD exposure limit exceedances also differed significantly, ranging from 1.25% during the first interval, to 0.17% during the second interval, and 0.45% during the third interval (p<0.0001, Figure 7).  Overall, CMD exposure limit exceedances significantly decreased from the first interval to the third six-month interval (p-value for trend=0.0255, Figure 7).
4.2.8	West Virginia




Figure 6- Median concentrations of CMD across three six-month intervals in U.S. underground coal mines by state, August 1, 2015-Janurary 31, 2017

Figure 7- CMD exposure limit exceedances across the three six-month intervals in U.S. underground coal mines by state, August 1, 2015-Janurary 31, 2017
4.3	By Mine Size
4.3.1	Small Mines
The median concentrations of CMD in small, underground coal mines differed significantly among the three six-month intervals (0.283 mg/m3 during the first interval, 0.495 mg/m3 during the second interval, and 0.452 mg/m3 during the third interval, p-value<0.0001, Figure 8).  CMD exposure limit exceedances also differed significantly and ranged from 1.53% during the first interval, to 0.37% during the second interval, and 0.66% during the third interval (p-value<0.0001, Figure 9).  Overall, a significant decreasing trend was observed in CMD exposure limit exceedances (p-value for trend=0.0022, Figure 9).
4.3.2	Large Mines









Figure 9- CMD exposure limit exceedances across three six-month intervals in U.S. underground coal mines by mine size, August 1, 2015-Janurary 31, 2017
4.4	By Occupation Title
4.4.1	Continuous Miner Operator
The median concentration of CMD among underground continuous miner operators significantly differed across the three six-month intervals, ranging from 0.480 mg/m3 during the first interval, to 0.638 mg/m3 during the second interval, and 0.620 mg/m3 during the third interval (p-value<0.0001, Figure 10).  CMD exposure limit exceedances also differed significantly, ranging from 2.01% during the first interval, to 0.32% during the second interval, and 0.88% during the third interval (p-value<0.0001, Figure 11).  Overall, a significant decreasing trend in CMD exposure limit exceedances was observed (p-value<0.0001, Figure 11).
4.4.2	Longwall Miner Operator
The median concentration of CMD among underground longwall miner operators significantly differed across the three six-month intervals (0.972 mg/m3 during the first interval, 1.005 mg/m3 during the second interval, and 0.901 mg/m3 during the third interval, p-value<0.0001, Figure 10).   CMD exposure limit exceedances also differed significantly, ranging from 6.59% during the first interval, to 2.40% during the second interval, and 5.42% during the third interval (p-value<0.0001, Figure 11). Nevertheless, no significant trend in CMD exposure limit exceedances was observed (p-value=0.8152, Figure 11).
4.4.3	Roof Bolter




           
            
Figure 10- Median concentrations of CMD across three six-month intervals in U.S. underground coal mines by occupation title, August 1, 2015-Janurary 31, 2017













       State																		
            Alabama	0.286	0.268	0.456	0.487	0.453	0.225	0.478	0.329	0.616	0.299	0.199	0.194	0.209	0.269	0.409	0.347	0.429	0.297
            Illinois	0.420	0.501	0.482	0.583	0.534	0.630	0.577	0.543	0.716	0.646	0.622	0.626	0.570	0.483	0.646	0.621	0.649	0.764
            Kentucky	0.391	0.464	0.502	0.548	0.478	0.484	0.580	0.418	0.664	0.710	0.696	0.631	0.607	0.603	0.624	0.668	0.626	0.699
            Ohio	0.532	0.471	0.613	0.459	0.464	0.906	0.641	0.606	0.778	0.642	0.598	0.810	0.649	0.467	0.761	0.603	0.677	0.653
            Pennsylvania	0.340	0.330	0.298	0.374	0.410	0.352	0.345	0.341	0.496	0.477	0.388	0.499	0.371	0.367	0.502	0.474	0.509	0.597
            Utah	0.304	0.534	0.309	0.397	0.328	0.508	0.333	0.477	0.416	0.370	0.408	0.323	0.345	0.431	0.415	0.381	0.498	0.360
            Virginia	0.357	0.334	0.336	0.388	0.362	0.416	0.581	0.412	0.472	0.466	0.350	0.342	0.320	0.372	0.462	0.447	0.487	0.507
            West Virginia	0.286	0.352	0.374	0.404	0.405	0.474	0.428	0.415	0.639	0.529	0.482	0.590	0.410	0.384	0.527	0.461	0.490	0.571
       Mine Size																		
            Small            (<=50 employees)	0.251	0.270	0.293	0.335	0.264	0.336	0.359	0.289	0.525	0.575	0.532	0.464	0.420	0.391	0.433	0.466	0.462	0.504
            Large            (>50 employees)	0.397	0.415	0.461	0.504	0.452	0.507	0.532	0.439	0.627	0.583	0.548	0.586	0.497	0.450	0.582	0.570	0.586	0.634
       Occupation title																		
            Continuous miner            operator       	0.423	0.427	0.504	0.527	0.521	0.555	0.626	0.598	0.689	0.625	0.559	0.627	0.463	0.526	0.606	0.621	0.569	0.673
            Longwall miner            operator	0.784	0.912	1.007	1.123	1.040	1.005	1.060	0.959	0.991	1.047	1.006	1.001	0.758	0.778	0.958	0.825	0.917	0.951









CMD exposure limit exceedances																					
Overall	0.86	1.07	1.44	1.86	1.66	4.18	<.0001	1.46	0.93	0.62	0.25	0.29	0.35	<.0001	0.40	0.76	0.88	0.90	1.37	1.04	<.0001
       State																					
            AL	1.61	0.00	7.26	1.45	1.45	0.00	0.6005	7.84	0.00	0.65	0.50	0.00	0.71	0.0008	0.00	2.63	1.49	0.00	0.71	0.62	0.8801
            IL	0.29	0.00	0.77	0.74	0.48	9.52	<.0001	0.00	1.94	0.49	0.00	0.00	0.25	0.2547	0.25	0.36	0.38	0.48	1.49	1.58	<.0001
            KY	0.16	1.38	1.17	1.83	2.32	2.46	0.0010	1.81	0.68	0.36	0.20	0.20	0.27	<.0001	0.22	0.45	0.65	1.03	1.03	1.20	<.0001
            OH	1.96	0.00	3.64	1.92	0.00	0.00	0.5344	2.63	0.00	0.00	0.00	1.12	0.59	0.8428	0.48	1.28	0.99	0.00	2.53	2.42	0.0909
            PA	1.11	1.01	0.75	1.90	0.48	1.39	0.7231	0.49	0.81	1.17	0.54	0.31	0.53	0.2289	0.45	1.03	1.67	1.77	0.84	1.59	0.0367
            UT	0.00	1.28	0.00	0.98	0.00	0.00	0.5827	0.00	4.88	0.25	0.84	0.00	0.39	0.5091	0.82	0.53	1.19	1.17	2.67	0.53	0.9780
            VA	0.69	0.44	0.55	3.49	1.09	1.19	0.1246	1.11	0.00	0.29	0.00	0.15	0.11	0.0456	0.12	0.44	0.30	0.13	1.64	0.54	0.0271
            WV	1.45	1.68	1.26	2.72	2.96	5.19	0.0003	1.80	0.63	0.88	0.26	0.42	0.50	0.0007	0.56	0.47	0.98	0.90	1.14	0.95	0.0288
       Mine Size																					
            Small            (<=50 employees)	0.76	1.38	0.48	2.45	2.11	3.38	0.0063	1.26	0.62	0.26	0.26	0.39	0.25	0.0613	0.26	0.53	0.62	0.62	1.31	0.77	0.0157
            Large            (>50 employees)	0.89	1.00	1.63	1.76	1.57	4.32	<.0001	1.49	0.99	0.67	0.25	0.27	0.36	<.0001	0.42	0.81	0.91	0.96	1.39	1.08	<.0001
       Occupation title																					
            Continuous miner            operator       	1.39	1.27	1.89	2.01	2.22	5.64	<.0001	0.87	0.87	0.31	0.22	0.62	0.29	0.3907	0.49	1.81	0.71	1.47	1.99	0.91	0.1556
            Longwall miner            operator	0.89	0.88	10.26	8.33	6.84	17.24	<.0001	10.34	7.69	1.69	2.26	2.86	1.57	0.0118	4.30	3.95	5.37	9.56	4.65	4.92	0.7505
            Roof bolter	0.51	1.19	0.27	1.56	0.85	1.92	0.2630	1.87	0.60	0.63	0.18	0.22	0.46	0.0005	0.51	0.62	0.95	0.94	0.44	1.46	0.0002








The overall results from this report show that median concentrations of CMD in U.S. underground mines differ among the three six-month intervals studied, from August 1, 2015 to January 31, 2017.  Generally the highest median concentration of CMD occurred during the second interval, when the CPDM and 2.0 mg/m3 exposure limit were under regulation by MSHA.  However, the lowest median concentration of CMD occurred during the first interval, when the CMDPSU was in effect.  Although the median concentration of CMD increased during the second interval, the median concentration during each interval was well below the 2.0 mg/m3 exposure limit for the first and second intervals and the 1.5 mg/m3 exposure limit for the third interval.  In contrast from the median concentration trends, CMD exposure limit exceedances were highest during the first interval and significant decreasing trends were observed overtime. 
It seems contradictory that CMD concentration would be higher after implementation of the CPDM while CMD limit exceedances were lower.  However, one theory is that mines were urging miners to increase production during each shift and to stop mining when their CPDMs showed they were close to the CMD exposure limit for the shift.  Therefore, CMD exposure limit exceedances would decrease, but the increased production would cause overall CMD concentration to increase.  Under this theory, the CPDM could act as tool to not only decrease miners’ CMD exposure, but also to increase coal production.  
Like the overall results, all states besides Alabama had the highest median concentration of CMD after the implementation of the CPDM (second or third interval), and the lowest before implementation of the CPDM (first interval).  The states with the most notable CMD exposure limit exceedance trends were Alabama, Virginia, and West Virginia, which experienced similar trends as in the overall results.  These three states all experienced decreasing trends in CMD exposure limit exceedances with the highest exceedances during the first six-month interval, i.e. before the implementation of the CPDM.  Additionally, Illinois and Kentucky had highest CMD exposure limit exceedances during the first interval, although they did not experience a significant decreasing trend across the three time intervals.  
Geographically, environmental factors impact CMD levels across coal-mining states.  The Appalachian region includes Alabama, Georgia, Kentucky, Maryland, Mississippi, New York, North Carolina, Ohio, Pennsylvania, South Carolina, Tennessee, Virginia, and West Virginia.20  The coal mines in this region typically contain thin coal seams and high coal rank.8  A thin coal seam measures less than two meters thick and is difficult to mine due to thick layers of rock located under and over the layer of coal.21  Thin coal seams and high coal rank typically affect miners’ exposure to CMD in the Appalachian region states and also could explain the geographic clustering of CWP in this region.1.8.10  Results from this report show that some states in the Appalachian region, i.e., Alabama, Virginia, and West Virginia, saw CMD exposure limit exceedances decrease across the three six-month intervals.  However, other states in the Appalachian region, such as Kentucky, Ohio, and Pennsylvania, did not experience a decreasing trend CMD exposure limit exceedances.
Also consistent with the overall results, both large and small mines had the highest median concentration of CMD during the second six-month interval, and the lowest during the first interval.  However, both large and small mines experienced decreasing trends in CMD exposure limit exceedances across the three time intervals, with the highest exceedances during the first interval.   In comparison to large mines, small mines may lack in CMD exposure control resources, including upgraded equipment and health and safety personnel.3 Likewise, small mines typically have a younger work force that may not be accustomed to using protective equipment and CMD control resources.3 Although previous research shows higher CMD exposure in small mines, 1, 3, 7, 8 results from this report show comparable median concentrations and CMD exposure limit exceedances by mine size overtime.  This discrepancy in previous to our results may suggest a recent utilization of CMD controls, even in smaller mines.  
In addition to location and mine size, CMD exposure varies depending on the specific mining occupation.2,5,9  Continuous miner operators work at the face or seal of a mine which has a much higher CMD exposure than other locations in the mine.2  Likewise, roof bolters are exposed to high levels of CMD due to the nature of their occupation.5  Roof bolters are responsible for drilling through rock and inserting bolts and plates into the roof of the mine to prevent caving which produces excessive CMD.5  Longwall miner operators can work at varying locations in the mine, however, they typically produce more coal than other mining occupations.22  The more coal longwall miner operators produce, the greater their exposure to CMD.22  Continuous miner operators, roof bolters, and longwall miner operators all experience elevated exposure to CMD and have higher rates of CWP as compared to other mining occupations.2,5,9  Results from this report indicated decreases in CMD exposure limit exceedances among continuous miner operators and roof bolters, but not among longwall miner operators, possibly suggesting a need to focus decreasing CMD exposure for longwall miner operators.  
5.2	Future Implications
Since the CPDM has only been under MSHA’s regulation since February 2016, it is unclear as to whether the CPDM has made a substantial impact on CMD exposure in the U.S.16 Hopefully, continued and widespread use of the CPDM will reduce U.S. underground coal workers’ exposure to CMD in the short-term.  Use of the CPDM to reduce CMD exposure should be focused on high-risk groups such as longwall miner operators and miners in Appalachian region states.  Potential long-term implications of the CPDM include reduction and elimination of CWP incidence as well as reduction of mortality due to CWP in the U.S. and globally.  
Although the CPDM is currently used in the U.S., the possibility of expanding use of the CPDM internationally could reduce CMD exposure and CWP rates in other high-risk countries.  In China, CWP is the primary occupational disease with a prevalence of 9.86% among locally owned mines and 4.83% in state-owned mines.22  Moreover, the prevalence of CWP in Columbia is very high at an estimated 35.9%.23  Therefore, CWP is a global problem and diffusion of the CPDM internationally could have positive effects on miners’ CMD exposure and CWP rates.  
5.3	Strengths and Limitations
The main strength of this report is that it is the first known report examining the trends of U.S. underground coal workers’ exposure to CMD since implementation of the CPDM and lowered CMD exposure limit.  Additionally, data used for this report are current, derived from a large, representative sample of U.S. coal miners, which has been validated.  This report addresses a recent occupational health issue that has been of concern since the increase of CWP cases.2, 5, 7 Moreover, as the prevalence of CWP is thought to be underestimated, increased surveillance of CMD levels could provide a better insight into the burden and risk of CWP.7
The main limitation of this report is that it is largely a descriptive report.  Data were not available at the individual level (of the miner) and information on other potential risk factors was also unavailable, thus adjustment for potential confounders could not be conducted.  Likewise, there are other factors in mining that impact CMD exposure besides use of the CPDM, such as increased coal production, longer work shifts, and silica in CMD, 3,5,24 and data were not available on these covariates.  Moreover, we did not have data on the number of CWP cases throughout this interval and could thus not evaluate whether trends in CWP have increased or decreased since the CPDM went into effect.  Another limitation of this study is the restricted time frame.  Due to the lack of data after regulation of the CPDM and 1.5 mg/m3 limit, the time frame had to be reduced to 18 months of three six-month intervals.  Lastly, this report could possibly be underreporting miners’ true exposure to CMD.  Under MSHA, mines are only required to submit 15 CMD samples per quarter.16 Therefore, trends observed in this report are only based on 15 samples per mine and might not be indicative of the true exposure for an entire mine. 

6.0 	Conclusion
CWP is an extremely debilitating disease that can lead to PMF and premature death.4  High levels of CMD in U.S. underground coal mines put underground coal miners at elevated risk for developing CWP.  Risk factors including geographic location of mine, size of mine and miners’ occupation title greatly impact the miners’ level of exposure to CMD.  Due to the resurgence of CWP cases in recent years, it is necessary to understand how to decrease miners’ exposure with novel equipment, such as the CPDM.  Trends in CMD exposure limit exceedances suggest that miners’ exposure to CMD has decreased since the implementation of the CPDM.  As the CPDM is further integrated in the U.S. mining industry and spread globally, miners will be better able to assess and control their exposure levels, potentially, if proper measures are  taken, reducing their risk of developing CWP.  From a public health perspective, observation of CMD trends is imperative in understanding the CPDM’s potential impact on CWP among underground coal miners and adopting appropriate measures to reduce CMD exposure.  
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TRENDS IN COAL MINERS’ EXPOSURE TO COAL MINE DUST BEFORE AND AFTER IMPLEMENTATION OF THE CONTINUOUS PERSONAL DUST MONITOR AND REDUCED EXPOSURE LIMIT
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Aug. 1, 2015-Jan. 31, 2016

Aug. 1, 2016-Jan. 31, 2017

Feb. 1, 2016- July 31, 2016

CMD concentration (mg/m3)

P<0.0001

P<0.0001

P=0.9108

P<0.0001

P<0.0001

P<0.0001

P<0.0001

P<0.0001

P<0.0001

CMD concentration (mg/m3)

P<0.0001

P=0.0255

P=0.1688

P=0.0027

P=0.8899

P=0.1803

P=0.1379

P=0.9492

P<0.0001

P<0.0001

CMD concentration (mg/m3)

P=0.0013

P=0.0022

P<0.0001

P<0.0001

P<0.0001

CMD concentration (mg/m3)

P=0.8152

P=0.0069

P<0.0001
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